Microbial genome sequencing has, for the first time, made accessible all the components needed for both the elaboration and the functioning of a cell. Associated with other global methods such as protein and mRNA profiling, genomics has considerably extended our knowledge of physiological processes and their diversity not only in human, animal and plant pathogens but also in environmental isolates. At a higher level of complexity, the so-called meta approaches have recently shown great promise in investigating microbial communities, including uncultured micro-organisms. Combined with classical methods of physico-chemistry and microbiology, these endeavours should provide us with an integrated view of how micro-organisms adapt to particular ecological niches and participate in the dynamics of ecosystems.
Introduction
Genomics is a recent conceptual approach for the biological study of micro-organisms, which relies on the analysis of the complete genetic information they contain. This scientific discipline really emerged with the characterization of the first complete genome of the autonomous organisms Haemophilus influenzae (Fleischmann et al., 1995) and Methanococcus jannaschii (Bult et al., 1996) . These papers were almost immediately followed by others describing laboratory model eukaryotes, i.e. Saccharomyces cerevisiae (Goffeau et al., 1996) , and bacteria, i.e. Escherichia coli (Blattner et al., 1997) and Bacillus subtilis (Kunst et al., 1997) . Such projects, which initially required many years and a huge amount of work, were markedly facilitated by numerous technological developments that came of age at the end of the 1990s. A concomitant reduction of sequencing costs led to an explosion of genomic programmes (Fig. 1A) ; these now concern organisms in all domains of life, from viruses to higher eukaryotes including man. Indeed, more than 2000 genomes are currently being sequenced and more than 500 have been already published (http://www.genomesonline.org).
In the microbial field, most of the studied genomes belong to the Proteobacteria, which represent the majority of known bacteria in taxonomy, pathology or biotechnology, followed by Firmicutes, Actinobacteria and others (Fig. 1B) . Nowadays, the genomics of micro-organisms not only concerns strains cultivated under laboratory conditions but also microbial communities that may contain uncultured microbes. Several research centres throughout the world have played a major role in these sequencing programmes, for example the Joint Genome Institute (JGI) and The Institute for Genomic Research (TIGR) in the USA, whose projects account for more than 30 % of the total, and the Sanger Institute and Genoscope in Europe, which have undertaken about 10 % of the projects under way. We can therefore foresee that most of the taxa described in Bergey's Manual, the reference in bacterial taxonomy, will have had their genomes sequenced within the next 5 years. They number about 5000 (Holt et al., 1994) , which corresponds approximately to the number of bacterial species associated with high-quality 16S rDNA sequences (http://www. msu.edu/~garrity/taxoweb/datasets.html). This number is evidently an underestimate due to the numerous uncultured taxa and the constant exploration of new biotopes, including extreme environments, as well as the reanalysis of known taxa with modern tools. The growing sequencing capacities will greatly increase the exploration of the microbial world in the future, in particular in the field of ecology, extending our knowledge of the diversity of microbial metabolic processes.
Energy, then called the Atomic Energy Commission, considered the possibility of identifying genetic alterations resulting from the high levels of radiation generated by the explosion of atomic bombs in Hiroshima and Nagasaki. This ambitious project was marked by several crucial steps, not only conceptual but also technical (Fig. 2) . First, the structure of the DNA molecule was described in 1953 by Watson & Crick (1953) , who were able to interpret the biophysical data of Rosalind Franklin. They proposed a double-helix structural model including semi-conservative mechanisms based on DNA polymerases that came to be studied in detail. From then on, it became theoretically possible to study mutations generated by mutagenic radiations and their impact on genome functioning due to the cracking of the genetic code in the 1960s (Nirenberg & Matthaei, 1961) . Second, the method enabling access to the DNA sequence was published about 20 years later and to this day remains the basis of modern sequencing procedures, except for the novel technologies (see below). In the so-called Sanger method (Sanger et al., 1977) , multiple DNA fragments differing by only one base are produced by incorporation of modified nucleotides, which stop the polymerization reaction. The analysis of the resulting radiolabelled fragments on a polyacrylamide gel allows the sequence of the various nucleotides that constitute the DNA molecule to be determined.
The Human Genome Project (HGP) took shape in the 1980s and an international consortium of public institutions was created. The technology available at that time seemed insufficient to decipher a large genome but several major technological innovations appeared within a 10-year period. The first one was the replacement of radioactivity by fluorescent dyes, which allowed the co-migration of the reactions involving the A, T, C and G bases on the same gel track and their automated laser detection. The second one was the development of capillary sequencers progressively allowing the analysis of up to 96 samples in a single step with the concomitant development of adequate computing capacities. For those reasons, sequencing performances were multiplied 10-fold between 1995 and 1997 and 10-fold again between 1997 and 1999. The early sequencing projects of reference micro-organisms such as B. subtilis and S. cerevisiae involved many laboratories for up to almost 10 years. Nowadays, similar projects do not extend beyond 1 or 2 years, a large amount of the data usually being acquired in only a few days. The increased sequencing capacity of specialized centres, combined with a major reduction in costs, has led to the publication of the genome sequences of many organisms in recent years. The development of new technologies such as pyrosequencing should result in a further increase in genome characterization in the future. This approach, which is based on light detection resulting from an enzymic reaction cascade generated by DNA polymerization, does however have some limitations, in particular small-size reads and uncertainties with poly(N) stretches (Ronaghi, 2001) .
As for molecular biology several years earlier, genomics constitutes a deep conceptual revolution. For many years, biology focused on the description of distinct elements and their classification. The cell was for a long time considered to be a collection of objects. Genomics now allows the physiology of organisms to be addressed in a global way, considering them as a large set of components working together within a complex network of interactions. Such a perception is fundamental for an understanding of biological mechanisms, as no living organism may be restricted to a single gene or to a family of genes expressed at different times during the cell cycle. Nevertheless, the first sequencing projects have demonstrated that, even in reference organisms such as E. coli and B. subtilis (Blattner et al., 1997; Kunst et al., 1997) , 25-40 % of the coding sequences (CDS) have no known function and are related to no gene of known function. Therefore it became clear early on that entire aspects of organisms' physiology remained to be discovered. The knowledge of the complete genome sequence of numerous organisms has led to profound changes in investigation methods, aiming to characterize genes whose function was not identified by conventional strategies or to study stress responses because of their multifactorial character. The use of global analysis methods, usually called large-scale or high-throughput technologies, has spread to many laboratories. Instead of studying individual genes, proteins or metabolic products, the integral profile of organisms can now be established. In particular, the differential analysis in various growth conditions of the whole protein content ('proteome'), transcripts ('transcriptome') or metabolites ('metabolome') allows the simultaneous quantification of gene expression or the accumulation of the corresponding products in an organism (Delneri et al., 2001; Kahn, 1995; Velculescu et al., 1997) . Integrative biology, which aims at including all physiological processes in a bioinformatics predictive approach, will also benefit from these expanded genomic possibilities (Bonneau et al., 2006) .
Most of the sequencing efforts were initially focused on human pathogens, such as bacteria and parasites, and later on higher eukaryotes, to establish a basis for a better understanding of physiological processes in human beings. More recently, there has been a growing interest in microorganisms isolated from various environments. The objective is to exploit available methodologies to identify specific properties that allow these organisms to grow in diverse environments, including extreme ecological niches. These studies should also lead to a better understanding of ecosystems themselves. Moreover, they should lead to the identification of novel functions that may be exploitable for biotechnological applications, in particular the bioremediation of contaminated environments. The wide availability of these data to the scientific community and their comparison offer unprecedented opportunities for studying how the components of a living organism, also the organisms themselves, function together and respond to environmental challenges. A deep knowledge of the elements involved, their spatial and temporal distribution, and the metabolic pathways they belong to, would allow an integrated picture to be drawn of the biological processes under study and could lead to an optimal use of micro-organisms' properties, favouring the desired effects.
Strategies and results

DNA sequencing and comparative genomics
The size of bacterial genomes extends from 0.16 Mb in insect-symbiotic bacteria such as Carsonella ruddii (Nakabachi et al., 2006) to more than 12 Mb in soil saprophytic myxobacteria such as Sorangium cellulosum (Pradella et al., 2002) . The genomic sequence of an organism results from the repeated determination of the nucleotide sequence from several thousand DNA fragments Environmental genomics, micro-organisms and ecosystems ('run'). The result of a run performed from a sequencing reaction carried out by the classical dideoxy chaintermination method usually corresponds to approximately 750 nt. To date, the cost of such a run can be estimated, all included, as approximately 1 J, which is notably lower than at the beginning of the genomic era, due to technical improvements described above and also to the many thoroughly robotized steps. The budget available will determine, at least in part, the number of sequencing reactions that will be carried out and read. It is usually assumed that the sequencing of five equivalent-genomes (56 coverage) is sufficient to get a good idea of the genomic content. However, the coverage is usually higher, i.e. 12-156, in order to reduce the work-intensive gapclosing and finishing steps. In theory, this corresponds to approximately 100 000 runs for a genome of about 5 Mb.
Whole-genome random sequencing, the so-called shotgun strategy, was used by TIGR to decipher the chromosome of H. influenzae published in 1995 (Fleischmann et al., 1995) and helped them overtake the other genome projects started earlier with more stepwise and time-consuming strategies. The shotgun approach presents several advantages such as simplicity and rapidity. However, it requires a major bioinformatics effort to analyse the data resulting from the multiple runs and assemble them with precision into a complete molecule. Consequently, such a procedure was initially not chosen because it was feared repeats (ribosomal genes, insertion sequences, etc.) would make assembly impossible. In this approach, genomic DNA is usually fragmented by nebulization, i.e. physical breakage, rather than molecular digestion by endonucleases, which may show some location bias. Several genomic libraries are usually constructed in various cloning vectors to make plasmid DNA preparation easier, to avoid the toxicity that may result from the overexpression of some genes, e.g. those encoding membrane proteins, and to facilitate the construction of a scaffold, an important step in the reconstruction of the molecule (Frangeul et al., 1999) . Small DNA fragments (around 3 kb), are cloned into highcopy-number vectors, while medium-sized (around 10 kb) and large (.100 kb) fragments are cloned into low-copynumber vectors and bacterial artificial chromosomes (BACs), respectively, helping to reduce the toxicity associated to some sequences.
Sequences obtained by such a procedure are read, aligned and progressively assembled into larger fragments (contigs) using appropriate algorithms such as the Phrep/Phrap/ Consed suite, which results in a progressive reduction in the number of contigs (Green, 2001 ). The regions not yet sequenced at this stage constitute gaps in the chromosome(s) that will be filled in during the last step of the sequencing project. The so-called finishing step can be carried out by different methods, such as genome walking or sequencing of fragments obtained by PCR with oligonucleotides designed to target the extremities of adjacent contigs. The final objective is the sequence of a complete DNA molecule that respects the international norms of the so-called Bermuda Accord, i.e. 99.99 % exactness, which corresponds to ,1 error per 10 000 bases (http://www.genome.gov/10000923).
The topology of the genome is a parameter that needs to be determined experimentally for at least some representatives of each taxonomic group. It had been assumed from work on E. coli and B. subtilis that bacterial chromosomes were circular, and the mechanism of replication based on a leading strand and a lagging strand is consistent with this topology. Conversely, it is well known that eukaryotic chromosomes are linear, with telomeres and telomereassociated proteins to ensure full-length replication. However, it progressively emerged that some prokaryotic plasmids are linear, as in Streptomyces species (Hirochika et al., 1984) . More recently, it has been shown that the Streptomyces lividans chromosome itself is linear (Lin et al., 1993) , that it is possible to circularize it at the cost of instability (Wan et al., 2004) , and that the arms contain rearrangements and secondary metabolism genes (Dary et al., 2000) as well as long inverted repeats. In addition, it came to be hypothesized that in some lineages such as Actinobacteria, linearity was the norm, which explains the need to determine experimentally the circularity of the recently sequenced Frankia genomes (Normand et al., 2007) . Finally, the genome of the actinobacterium Saccharopolyspora erythraea has also been shown to be circular, which further supports the current vision that most genomes are circular but that experimental determination is still an essential step in their reconstruction (Oliynyk et al., 2007) . The complete DNA molecule will then be annotated not only to identify the various CDS but also to determine as precisely as possible their role, the localization of transcription (promoters, terminators) and translation signals (ribosome-binding sites), the existence of operons, the conservation of gene order between micro-organisms (synteny) or the presence of duplications. The procedure carried out automatically should be, in principle, followed by an expert annotation, i.e. a careful examination by researchers of the data automatically obtained and their validation according to experimental results and/or data in the literature. Unfortunately, such an approach is most often not performed, which has contributed to a pyramidal increase in the misinterpretation of gene functions in databases: an initial misinterpretation of the function of a protein or a motif can be transmitted to their closest neighbours identified by BLAST searching, resulting in a cascade of errors. Some powerful interfaces, such as MaGe (Vallenet et al., 2006) , exist that hopefully will help produce a high-quality annotation, and their use should become more widespread in the future. In addition, the identification of domains as subsets of proteins has been a very promising approach, implemented by databases such as InterPro (http://www.ebi.ac.uk/interpro/). Evolutionarily, domains are short fragments of DNA that are swapped between genes (Servant et al., 2002) and probably constitute the random inventiveness of bacterial genomes to preadapt to unforeseen conditions. Operationally, the identification of such domains may help address the function of a given protein. Finally, besides generating predicted protein functions, some systems such as PUMA2 (Maltsev et al., 2006) and BioCyc (Krummenacker et al., 2005) provide extensive metabolic pathway information. The set of predicted enzymes in a newly annotated genome allows the reconstruction of metabolic networks that potentially exist in this organism. These reconstructions are based on reference metabolic databases such as KEGG (Kanehisa et al., 2006) and MetaCyc (Caspi et al., 2006) and comparisons of pathways allow the identification of conserved and missing reactions. This information is helpful for inferring functional coupling of genes participating in the same cellular process. In addition, such metabolic models represent valuable scientific hypotheses regarding an organism's physiology and life style, and facilitate experimental planning (Opperdoes & Coombs, 2007; Sivachenko & Yuryev, 2007) .
Whatever the organisms under study, i.e. pathogenic microbes and environmental isolates explored in the first genomic programmes or more recently, the results of genome sequencing are always of importance, as they allow organisms to be examined in a global way. In many cases, these data have greatly increased the previously accumulated knowledge of the organisms, e.g. secondary metabolite biosynthesis in Pseudomonas fluorescens (Paulsen et al., 2005) or the acquisition of virulence factors in Yersinia enterocolitica (Thomson et al., 2006) . When genomic approaches are applied to organisms that have been the subject of a limited number of studies, the results obtained are often remarkable. For example, the sequencing of Cyanidioschyzon merolae, a unicellular red alga living in sulphur-rich hot springs, revealed the existence of a compact genome. Its constituent elements gave important information on genes essential to the development of photosynthetic activity, including in higher plants (Matsuzaki et al., 2004) . Similarly, the deep-sea bacterium Idiomarina loihiensis presents many adaptive traits as compared to other Gammaproteobacteria. The existence in its genome of numerous peptidase-encoding genes as well as amino acid and peptide uptake systems suggests that these nutrients are present in the environment as proteinaceous particles and are the main source of carbon and energy metabolism rather than sugar fermentation as initially thought (Hou et al., 2004) . The genome exploration of photosynthetic Bradyrhizobium strains also showed that, at least in some rhizobia, host-plant nodulation occurred via a mechanism not involving nod genes (Giraud et al., 2007) . Finally, the recent genome deciphering of metallophilic micro-organisms such as Herminiimonas arsenicoxydans has demonstrated the existence of novel strategies in colonizing arsenic-rich environments (Muller et al., 2007) . By detoxification of the milieu, these mechanisms may have played a key role in the early stages of life development on Earth, contributing to the emergence and establishment of other micro-organisms.
A major consequence of the increase in the number of known genomes is that a comparative analysis, including the comparison of several members of a given species (Binnewies et al., 2006) , is becoming the norm. As a first approach, comparative analyses such as codon usage or mol% G+C content are possible. In addition, the in-depth comparison of two or more closely related genomes should permit identification of genes correlating with their differential physiological properties and enable a function to be attributed to several uncharacterized genes. By comparing a large number of genomes, it has been possible to identify genes common to all lineages and thus to propose the existence of a minimal set of about 250 genes for a prokaryotic cell (Mushegian & Koonin, 1996) . Such a group of genes is however not sufficient to characterize a living organism, in particular in the context of microbial ecosystems, where specific and extreme conditions are often the rule. It is also possible for a set of genes to identify those subject to positive selection (diversifying) or negative selection (homogenizing), genes for which selection brings about a different number of mutations in the protein chain relative to what is expected according to the neutral evolution model (Kimura, 1979) . Such a situation has been demonstrated for human papilloma virus , the late blight agent Phytophthora infestans (Liu et al., 2005) , and Sinorhizobium meliloti (Bailly et al., 2006) . Synteny (conservation of gene order) also yields information on selection pressures that have played a role over the course of evolution since the time when two given genomes had a common ancestor. Genes with related functions are often colocalized on the genome so as to have comparable expression levels (as in the case of polycistronic messengers), to be synthesized in the same part of the cell, and be cotransferred during conjugation (Ettema et al., 2005) . There are numerous examples of related genes that are far apart, nevertheless colocalization of genes on a genome, and even more so on a set of genomes, is an indication that their functions are related. Synteny can be quantified, for example by the number of genes in pairs of genomes that have less than a given number of intervening non-homologues. It is known that the rate of synteny is in general a function of the genetic distance between two strains, except when strains have undergone marked lifestyle modification such as when a lineage becomes symbiotic and consequently suffers massive gene loss (minimizing selection) or conversely for taxa inhabiting soil or other comparably permissive biotopes where genomes are more free to accumulate genes (permissive selection). For example the exploration of the genomes of three strains of the facultatively symbiotic Frankia sp., which vary in size from 5.43 Mbp for a narrowhost-range strain (Cci3) to 9.05 Mbp for a broad-host-range strain (EAN1pec), showed that gene conservation is quite high among the three genomes, especially at the origin of replication (Fig. 3 ). This picture is also supported by the pattern of synteny, with conservation decreasing at the replication terminus, which corresponds to a high degree of gene rearrangement, duplication or deletion in this region. It Environmental genomics, micro-organisms and ecosystems has been hypothesized that much of the size differences can be accounted for by expansion in this area of the genomes of strains EAN1pec and ACN14a (a medium-host-range strain), in concert with the biogeographic history of the symbioses and host plant speciation (Normand et al., 2007) .
Finally, having several genomes at one's disposal also allows identification and quantification of laterally transferred genes, i.e. those that have a phylogeny different from that of the 16S gene (Daubin et al., 2003) and that may take part in a microbial evolution process in relation to specific ecological niches (Collyn et al., 2006) . In this respect, an integrated analysis based on a theoretical and experimental comparison, i.e. array-based genomic hybridization and expression and proteomic profiling, of two Burkholderia pseudomallei strains saprophytic and pathogenic to human beings and animals has revealed the presence or absence in these organisms of numerous regions acquired by horizontal gene transfer. Such clusters of genes greatly contribute to the phenotypic diversity of this pathogen (Ou et al., 2005) . Remarkably, comparative genomics has given rise to a new concept highlighting the great diversity between closely related strains. A species can be described by its pangenome, i.e. the sum of a core genome containing genes present in all strains, and a dispensable genome, with genes absent from one or more strains and genes unique to each strain (Medini et al., 2005) .
mRNA expression profiling
As soon as the first genomes were published, it became clear that a high proportion of the genes identified by annotation strategies had no known function and could not be related to any gene of known function. This observation justifies by itself the development of functional genomic programmes, designed to discover new functions and their underlying regulatory mechanisms. Knowing the complete genome of many micro-organisms allows their expression profile to be determined in a global way. Rather than studying individually the expression of one gene or even of a group of genes, it is now possible to perform a differential analysis of mRNA content (transcriptome) and evaluate the effect of multiple stresses or growth conditions on microbial physiology. Macroarrays or microarrays (or DNA chips) can be used for these purposes. The former consist of nylon membranes similar to those commonly used in hybridization experiments; the latter consist of glass slides chemically treated to increase the binding of DNA fragments. The probes corresponding to the genes and/or the intergenic regions of the organism under study can be spotted in duplicate: they can consist of DNA fragments obtained by PCR amplification of some or all of the genes, short oligonucleotides directly synthesized on the support or long oligonucleotides (~70-mers); DNA fragments recovered from genomic libraries may also be used when the genome of the organism has not yet been fully sequenced (Dharmadi & Gonzalez, 2004) .
In each case, total RNAs are extracted from cells and then used to synthesize cDNAs with a reverse transcriptase. The labelling that will serve to detect the signal is performed during this step with radiolabelled or fluorescent groupbearing nucleotides. The radioactive labelling is similar in the two RNA pools analysed on macroarrays and all steps of the experiment must then be performed in parallel. In contrast, the use of distinct fluorochromes, e.g. Cy3 and Cy5, in the DNA chip technology allows competitive hybridization to be performed. After hybridization of the DNA targets with the probes, the signal intensity can be measured for each spot with appropriate detection instruments (e.g. Phosphorimager for radioactivity and fluorescence scanner for fluorochromes) and dedicated software (e.g. ArrayVision for macroarrays and Genepix for microarrays). Statistical methods then allow the comparison of the signal obtained from the two RNA pools and the identification of genes overexpressed or repressed between the two conditions tested (Nadon & Shoemaker, 2002) . It should be emphasized, however, that even though these methods can be applied without too much difficulty for studying natural isolates cultivated under laboratory conditions, the major limiting factor in microbial ecology results from the difficulty of extracting mRNAs from complex samples (Dennis et al., 2003) .
Functional genomics methods such as transcriptome differential analysis are of considerable interest in the study of interactions between organisms because of their capacity to reveal the set of mechanisms induced in both partners. In many instances, the major biological determinants for a given phenotype are known, but not the minor ones, and transcriptomic analysis can help obtain a more global view of the involved processes. For example, such experiments have been performed in Sinorhizobium meliloti to investigate the symbiotic physiological modifications resulting from growth inside plant nodules (Becker et al., 2004) . However, most of the studies to date devoted to either human pathogens or symbiotic micro-organisms have focused on the host response rather than on the physiology of the microbe itself. For example, DNA microarrays have been used to study the inflammatory reaction of various cell lines resulting from the interaction with organisms such as bacteria, viruses or protozoa (Jenner & Young, 2005 ).
On the other hand, many studies have investigated the adaptive mechanisms in micro-organisms either cultured independently or subjected to variations in their environmental conditions. Heat-shock resistance, anaerobic growth, oxidative stress or nutrient starvation have been studied under laboratory conditions, in particular on reference organisms such as E. coli (Dharmadi & Gonzalez, 2004) . More recently, similar studies relying on transcriptome analysis were performed on bacteria of interest in microbial ecology, e.g. UV irradiation resistance and heavy metal reduction in Shewanella oneidensis (Bencheikh-Latmani et al., 2005; Qiu et al., 2005) . The genus Shewanella contains numerous species characterized by great respiratory versatility and believed to play an important role in the carbon biogeochemical cycle. Several data published recently on other environmental isolates further support the innovative character of functional genomics approaches. For example, the genome of the piezophilic bacterium Photobacterium profundum has been sequenced and expression profiles obtained under low and high pressure have been compared. The results demonstrate that this micro-organism has developed specific mechanisms to adapt to these perturbations. These processes result not only in the variation of stress factors as described for many other organisms, but also in deep changes in carbohydrate metabolism (Vezzi et al., 2005) .
Finally, a regulatory role for small RNAs has been recently demonstrated in various micro-organisms, including E. coli (Massé & Gottesman, 2002) and Pseudomonas fluorescens (Kay et al., 2005) . This emerging paradigm could deeply modify our vision of bacterial control and adaptation mechanisms, and transcriptomic studies could help us understand the full extent of these regulatory RNAs. In this respect, the use of tiling arrays of overlapping probes spanning the entire genome could lead to the identification of intergenic regions potentially coding for small RNAs and playing a role in the microbial response to particular stresses.
Protein and metabolite profiling mRNAs are not usually considered as the main effectors of biological responses of organisms under specific environmental conditions, but proteins are. Moreover, a modulation in their activity does not always depend on a modified abundance level of the corresponding genes but rather on post-translational modification or proteolysis. In some cases, transcriptome analysis may therefore not constitute an appropriate approach as far as the mechanisms allowing adaptation to environmental stresses or growth under extreme conditions are concerned.
The global analysis of proteins synthesized by any organism (the proteome) usually relies on protein profiles obtained by two-dimensional (2D) electrophoresis. In a first step, this procedure allows the separation of proteins according to their charge. Next, they are separated according to their molecular mass on polyacrylamide gel. The proteins are then visualized by an organic dye (Coomassie blue), by metallic salt reduction (silver nitrate) or more recently by fluorescent labelling (DIGE). Protein separation by 2D electrophoresis has been used for many years. The development of functional genomics approaches associated with genome sequencing has however led to considerable progress in identification methods (Rabilloud, 2002) . Polypeptide characterization, which previously relied on chemical procedures such as Edman degradation, can now be performed by the cheap, rapid and precise mass spectrometric analysis of peptide fingerprints. The development of mass spectrometers able to ionize and precisely determine the mass of peptides is what made it possible to link proteins with genome data. With this aim, proteins of interest are recovered from gels and enzymically digested, e.g. by trypsin, which specifically cuts the polypeptide chain at lysine or arginine residues, or with cyanogen bromide, which cuts at methionine residues. For each protein of interest, the whole set of generated peptides is analysed by mass spectrometry (MALDI-TOF) to define precisely the molecular mass of most of them. The peptide Environmental genomics, micro-organisms and ecosystems fingerprint is then compared to sequences present in databases. Appropriate software, such as Profound, MS-fit and Mascot, generates theoretical protein profiles from all sequences in databases and compares these data to experimental fingerprints obtained by mass spectrometry. The probability that the protein of interest corresponds to one of these sequences is then evaluated. If the genome of the organism under study has not yet been sequenced, or in the case of unconvincing results, other approaches are used (Carapito et al., 2006) . Uncertain data can be due to unlikely sequencing errors, DNA rearrangements, translational readthrough of stop codons, translational frameshifting and other 'recoding' events, or to posttranslational modification (e.g. glycosylation or phosphorylation). In such instances, a tandem mass spectrometry method can be used, e.g. ESI MS/MS. In this procedure, several peptides obtained by trypsin digestion are randomly fragmented by collision. The mass of the various fragments is determined and their comparative analysis allows short amino acid sequences to be deduced (Aebersold & Mann, 2003 ). These polypeptide sequences are then used to identify the protein of interest by comparison to homologous proteins in databases with algorithms such as BLAST.
Proteomic analysis coupled with mass spectrometry does however have several limitations. Indeed, all proteins of an organism cannot be visualized whatever the detection method used because some proteins are present and effective at very low levels. Abundance levels of proteins in a yeast cell for instance can vary from one to a million per cell (Ghaemmaghami et al., 2003) and it is of course difficult to monitor over such a large dynamic range. Furthermore, some proteins are quite labile while others are not. Moreover, membrane proteins are usually difficult to detect on 2D gels because of a low solubility level. Nevertheless, a global or partial proteomic map (cytoplasmic, membrane or extracellular fraction) of several organisms has been drawn. These bacteria are often model organisms, e.g. B. subtilis (Hecker & Volker, 2004) or human pathogens, e.g. Mycobacterium tuberculosis, the aetiological agent of tuberculosis, or Helicobacter pylori, responsible for stomach ulcer (Jungblut, 2001) . Recently, the physiology of an increasing number of environmental isolates has been studied by a proteomic approach. For example, arsenic metabolism and the adaptation to cold have been investigated in Herminiimonas arsenicoxydans (Muller et al., 2007) and in the archaeon Methanococcoides burtonii (Saunders et al., 2005) , respectively. Similarly, several proteomic approaches addressed the adaptive response of plants interacting with mycorrhizae or rhizobacteria (Kim et al., 2004) . The development of interactive databases, such as SWISS-2DPAGE (http:// expasy.org/ch2d/) or InPact (Muller et al., 2007) (http:// inpact.u-strasbg.fr/~db/index.php), should greatly facilitate the exploitation of these data (Fig. 4) . Finally, using specific staining procedures, a 2D map of iron-metalloproteins has been recently drawn for the acidophilic archaeon Ferroplasma acidiphilum (Ferrer et al., 2007) .
The results suggest that the high content of metalloproteins in this organism may not only reflect its current iron-rich habitat but may also indicate that it represents a relic of early life on Earth, where metals were more prevalent than today due to widespread volcanic and hydrothermal activities.
Microbial cells usually contain several thousand genes. Many of them code for proteins with an enzymic activity, which therefore are suspected to generate hundreds of metabolic reactions. The constant progress in techniques of analytical chemistry, such as nuclear magnetic resonance (NMR), Fourier transform mass spectrometry (FT-MS) or high-resolution liquid chromatography (HPLC), should lead to the global identification of the various categories of metabolites present in a cell, such as saccharides (glycome), lipids (lipidome) and amino acids (Hollywood et al., 2006) . In model organisms, such procedures might for example enable the relationship between a mutation and a specific biosynthetic pathway to be established. In this respect, they would play an important role in functional genomics, which aims to attribute functions to the numerous hypothetical proteins identified in sequenced organisms (Kell et al., 2005) . What is applicable to model organisms such as E. coli and S. cerevisiae will hopefully be used in the future to characterize environmental isolates or microbial communities in their environment. Moreover, the relationship between metabolites and proteins, between proteins and nucleic acids and between proteins and proteins would constitute another development in the understanding of molecular interactions in a cell (Pu et al., 2007) .
Uncultured organisms and microbial communities
Microbial communities are complex and variable biological assemblies whose study has been difficult for a long time because of the unculturability of many of their components. Indeed, numerous micro-organisms are known to be recalcitrant to culture for different and often unknown reasons. This is true of many pathogens and symbionts of plants or animals. The genome of several of them has however been recently deciphered, e.g. Mycobacterium leprae, the aetiological agent of leprosy (Cole et al., 2001) , Tropheryma whipplei, the causative agent of Whipple's chronic disease (Bentley et al., 2003) , Buchnera aphidicola, a symbiotic organism of aphids (Shigenobu et al., 2000) , and Rickettsia conorii, an obligate intracellular parasite (Ogata et al., 2001) . One of the most interesting results obtained from these studies is the strong reduction in size as well as the marked global enrichment in A and T as compared to those of their phylogenetic relatives, which further supports the major impact that descriptive and functional genomics can have in the understanding of biological processes and genome evolution.
In any given environment, the biological diversity data obtained for example by the analysis of 16S RNA suggests that only a small fraction of organisms present can be cultivated. This complexity varies from only a few taxonomic groups in non-organic environments characterized by a limited amount of energy sources to several thousands of taxa in soils and oceans where a large amount of carbon molecules are available. These communities can now be explored as a whole by the sequencing of their genomic DNA content (metagenome). Despite the difficulties in analysing, interpreting and comparing metagenomic data (Foerstner et al., 2006) , and depending on the diversity of microbes present in the environment under study, a reconstruction of the genome of some of them can be envisaged. Questions such as which organism is present and what metabolic functions are involved in biogeochemical transformations can now be addressed at a molecular level. For example, the metagenome of an acid mine drainage biofilm has been characterized. This work has led to the nearly complete genomic description of two chemolithotrophic micro-organisms, i.e. the bacterium Leptospirillum sp. and the archaeon Ferroplasma acidarmanus (Tyson et al., 2004) . Similarly, environmental genomics has been used to reconstruct the genome of the uncultured bacterium Kuenenia stuttgartiensis, which plays a role in anaerobic ammonium oxidation, and to identify genes involved in various aspects of nitrogen metabolism (Strous et al., 2006) . The genome of several sulphur-metabolizing symbionts of the marine oligochaete Olavius algarvensis has also been deciphered recently (Woyke et al., 2006) . On the other hand, the Sargasso Sea metagenome has shown the existence of a large diversity in proteorhodopsin and phosphate transport encoding genes and led to the identification of a huge number of genes of unknown function (Rusch et al., 2007) . A similar metagenomic approach has also been used to address the stratification of microbial communities in the ocean and revealed important variations in gene distribution, in particular with regard to carbon and energy metabolism (DeLong et al., 2006) .
The interest in environmental isolates in the search for novel biocatalysts predates the development of microbial 
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Environmental genomics, micro-organisms and ecosystems genomics. Indeed, independently of genomic programmes, numerous enzymes have been isolated, including ones from extremophiles, for their higher thermal stability and/ or their high specific activity, allowing them to function in industrial processes of degradation or synthesis (Demirjian et al., 2001) . Moreover, the properties of enzymes such as proteases, lipases, glycosidases and polymerases, key players in the development of molecular biology, have often been optimized by methods such as mutagenesis or molecular directed evolution. These techniques, associated with the exploration of the data resulting from genome sequencing, have led to the elaboration of new molecules able to degrade recalcitrant products, including many pollutants such as organohalogenated compounds. These strategies are important not only in the development of bioremediation processes but also in the design of new biosensors able to detect the presence of toxic chemical elements in the environment (Parales & Ditty, 2005; Zylstra & Kukor, 2005) . In this perspective, metagenomic analyses have opened the way to the exploration of uncultured organisms aiming to discover novel genes (Streit & Schmitz, 2004) . Despite their limitations, due to the biases inherent in screening of metagenomic DNA libraries on the basis of enzymic activities or sequence similarities, several enzymes with a high potential for industrial and/or pharmaceutical applications have been identified, including esterases and oxidoreductases as well as proteins involved in the synthesis of vitamins and molecules with antibacterial properties (Lorenz & Eck, 2005) .
Finally, a novel proteomic approach is now emerging to characterize the protein content in a global way. It focuses not on specific micro-organisms but rather on the whole microbial community. From a theoretical point of view, such an approach appeared to be doomed by the major differences in molecular mass and pI for a given protein in various micro-organisms, which would result in not having a single spot for all nitrogenase proteins in a biotope, for instance. Recently, however, such a so-called metaproteomic analysis of microbes growing in water-plant sludge has been performed (Wilmes & Bond, 2004) . Although preliminary, this work led to the identification of several proteins belonging to an uncultured organism of the Rhodocyclus lineage, which is known to accumulate polyphosphates. Such a strategy can also be used not only to describe an ecosystem, but also to study its response to perturbations. For example, a metaproteomic approach has been successfully used to study the temporal dynamics of microbial communities subjected to cadmium exposure and to characterize the resulting response in terms of toxicity and resistance (Lacerda et al., 2007) . Similarly, the spatial dynamics of bacterioplankton was evaluated along the Chesapeake Bay, the largest estuary in the USA, and the proteins identified were shown to correlate with major microbial lineages, i.e. Bacteroides and Alphaproteobacteria, present in this ecosystem (Kan et al., 2005) . Such a functional approach therefore offers considerable potential for the comprehensive analysis of ecosystem function, even if in all likelihood only the dominant organisms' proteins will be visible. The recent development of microfluidic HPLC-Chip/MS technology will significantly improve its sensitivity (Hardouin et al., 2006) . Consequently, and despite the technical difficulties inherent in this method, the metaproteomic characterization of microbial communities is expected to develop widely in the next few years.
Perspectives
In the last few years, a huge amount of genomic sequences have been published in databases. There is no reason to consider that the growth in such data will slacken in the near future, in particular due to the recent development of new sequencing technologies. Quite to the contrary, these new methods will probably increase the genomic exploration of organisms thanks to a major reduction in both cost and time. Consequently, most of the known microbial taxonomic groups should soon have been investigated, at least in part. Moreover, the increasing capacity of sequencing centres associated with the development of technological platforms will greatly improve our knowledge of the structure, the functioning, the diversity and the evolution of microbial genomes.
A similar tendency should also be observed in the study of microbial communities. In this respect, metagenomic approaches based on new sequencing technologies will be of great interest for investigating complex microbe consortia as a whole and addressing the important aspect of uncultured micro-organisms growing in environments as diverse as polar ice, the human intestine or industrial sites. They will provide a marked acceleration in the generation of raw genome sequence data, rendering more acute the need for novel automated computational approaches. Associated with the development of largescale functional methods, including metaproteomics and metabolomics, such studies should give an important insight into the extreme biodiversity of microbes inhabiting terrestrial and marine environments. All these genomic approaches, a fortiori if they are combined with more classical methods of geochemistry, microscopy, genetics, molecular biology and/or biochemistry, will give an integrated view of the organisms present in any environment, their role and their relationships. They will lead to a better understanding of how micro-organisms adapt to and colonize as yet largely unexplored ecological niches.
